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Abstract 
The statistical theory of multiple exciton generation in quantum dots which is based on 
the Fermi approach to the problem of multiple particle in nucleon-nucleon collisions is 
presented. Our estimates of the multiple exciton generation efficiency  in different quantum dots, 
induced by absorption of a single photon, are in a good agreement with the experimental data. 
 
Carrier multiplication (CM) phenomenon in confined nanostructures  was predicted by 
A.Nozik  of NREL in 2002 [1]. In 2004, Klimov and co-authors reported that PbSe  nanocrystals  
can respond to absorption of a single photon by producing two electron-hole pairs with 200% 
efficiency. This carrier multiplication phenomenon, also known as multiple exciton generation 
(MEG) [2]. Later the effect of MEG has been experimentally confirmed  by NREL team  [3] by 
investigating PbSe and PbS quantum dots of 3 different sizes in which increasing of quantum 
yield up to 300% has been observed. Recently it was revealed by Schaller et al. [4] that MEG is 
the real phenomenon with generation to up 7 excitons in PbSe QDs (Еg=0.3 eV and R=20 nm) at 
absorption of a single photon with energy of h=7.8 Еg.    
Using carrier multiplication Klimov [4,5] has demonstrated ―exotic‖ non-Poissonian 
distributions of carrier populations. Different groups have reported recently the formation of 
multiple excitons based on the femtosecond transient spectroscopic observations. Possible  
applications of the effect in constructions of on Polymer-QD based solar cells [6] and for low 
threshold laser design [7,8]. 
It should be noted that besides practical applications the MEG effect can be used as a 
testing ground for new kind of nonlinear photo effect. The theoretical analysis of MEG related to 
two or three excitons generation has been considered in several studies by   Schaller R.D. et al. 
[9] and Elingson et al. [3].  Despite the considerable amount of papers on MEG the problem of 
theoretical explanation of MEG of higher multiplicity in QDs still remains open. In our  opinion, 
this is caused by the fact that  the application of perturbation theory to the charge multiplication 
effect (e.g. as used in [9]) is complicated for the processes of higher multiplicity. Recently some 
other approaches to theoretical understanding the mechanism of MEG have been considered (see 
[9,10]). However the final conclusion is that the mechanism of MEG is not fully revealed yet. 
Therefore other mechanisms need to be considered for explaining the highest MEG efficiencies. 
In addition, the above mentioned non-Poissonian character of exciton multiplicity which has 
been recently experimentally observed [5] needs also to be explained from the in theoretical 
viewpoint. 
In this paper we present a mechanism of MEG in QDs which can be treated using the 
combination of statistical theory and on Fermi approach [11] to the multiple particle creation 
inhigh-energy nucleon-nucleon collisions. The latter was originally used for the analysis of the 
generation of elementary particles – nucleons and mesons in high-energy nucleon-nucleon 
collisions.  Unlike the perturbation theory used in [9], this approach is based on the strong 
interaction of correlated electrons with electromagnetic field in a QD. We argue that the Fermi 
theory seems to be closer to the reality in a high energy range when the number of possible 
exciton states with given energy is large, and namely this factor sharply increases the probability 
of statistic equilibrium setting.   
In particular, we suppose that in the case of multiple excitons generation the high energy 
photon is absorbed by a QD and according to statistic laws the absorbed energy is quickly 
distributed among the various degrees of freedom. Namely, in a QD of  volume  n/2 excitons 
are generated where n is the total number of produced particles (electrons and holes). In this case  
using the Fermi`s formula we can calculate the probability for n-particles generation with a given 
energy distribution in a small volume of QD. Here we take into account the fact that the total 
kinetic energy is defined by the difference of photon energy and energy gap multiplied by the 
number of excitons 
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Here m is the electron mass, 
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  [14], in which the second term describes the 
electron-hole interaction energy, R is the radius of QD and the number of particles is even 
number: n= 2,4,6,8,10,12,14.  
Then the relative probability for n-particles generation is given by the following expression: 
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The quantum efficiency of multiple excitons generation by a single photon can be written 
as excNQE  %100 , where the average number of excitons in QD excN  is calculated using 
on the following equation: 
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Now we consider application of the above results for  MEG in different QDs. 
1. For the case of PbSe QDs (Еg=0.64eV, R=3.9nm, h=3.63Еg) we have 00.2theoryexcN  
which is in a good agreement with the experiment ( 00.2exp excN ) [9]. 
2. For PbSe QDs (Еg=0.64eV, R=3.9nm, h=4.9Еg) we have 85.2theoryexcN  and 
25.3exp excN  [9]. 
3. For PbSe QDs (Еg=0.3eV, R=20nm, h=7.8Еg) we have 84.6theoryexcN  and 0.7
exp excN  
[9]. 
4. For Si QDs (Еg=1.2eV, R=9.5 nm, h=3.4Еg) we have 62.2theoryexcN  and  
2.06.2exp excN [10]. 
On the basis of the above statistic approach, it is possible to explain the non-Poissonian 
character of excitons multiplicities, observed experimentally in the Ref. [5]. For example, in the 
case of PbSe QD (R=20nm, h=7.8Еg) we can show that 7.13n , 1.187
2
n , 1882 n  that is 
nnn  22 )( . It means that the condition for Poissonian distribution is not valid for the effect of 
MEG as it was shown in [5].   
Furthermore, we suppose that the microscopic mechanism of the effect is connected to the 
shaking effect of several electrons caused by the primary exciton at absorption of high energy 
photon. Such effect is studied in detail by several authors (see, e.g., reviews [12] and references 
therein)Using the same approach as that for the calculation of multiple ionization of atoms by  its 
shaking in the collisions with fast ions, we can estimate the MEG cross section, i.e. the cross 
section for generation of n electron-hole pairs induced by one-photon-absorption: 
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Here ex
1  is the cross-section of primary exciton generation, 1nI  is the overlapping integral of n-
1 electrons wave functions in valence and conductive zones of QD,  is the parameter which 
proportional to multiplicities of n and a is the atom size.  It is important to note that the 
overlapping integral is different from zero due to strong electron-electron correlation in quantum 
dots.  
Conclusion 
Thus we have treated multiple electron generation in quantum dots induced by one-photon 
absorption. To explain the effect at macroscopic level we have proposed developed an approach 
consisting of the combination of statistics and Fermi approach to multiple particle generation in 
high energy nucleon-nucleon collisions. Our approach is based on  the   simple assumption that 
the probability of n particles generation in the volume QDs is defined by the statistic weight 
S(n), which depends on many parameters: the size of QD, the photon energy, the gap energy, the 
exciton bind energy, electron and hole effective masses. The microscopic mechanism of MEG 
which is based on the electrons shaking theory in atomic collisions is developed. Such a 
mechanism allows take into account the strong electron-electron correlation in QDs caused by 
quantum confinement of electronic excitations. 
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